Abstract. In Bah celik Dam, irrigation and drinking water is discharged from the bottom outlet to diversion channel when the reservoir water surface elevation is between 1472 m and 1500 m. It was planned that the ow discharge would be automatically controlled by the valves depending on the water demand. In this system, the valve type is characterized by opening, closing, and regulating times of the valves for controlling system placed downstream of the main diversion channel. Howell-Bunger valves, which are cavitation and water hammer resistant, velocity limitless, and electronically controllable water control systems, were selected. In the experimental study, 4 Howell-Bunger valves each having D = 1400 mm and maximum discharge capacity Q = 8:5 m 3 /s were placed at the upstream part of the main diversion channel and tested in various valve openings to obtain optimum operating conditions for all reservoir water levels in a 1/10 scaled model. It was found that as the reservoir elevation got higher, valve performance increased by up to 75% of valve opening. The expected discharge capacity of a valve, which worked in 100% open condition, was 8.5 m 3 /s; however, this value was reached with two valves that worked in 100% opening at the minimum reservoir operation level, i.e. H = 1472 m.
Introduction
Valves used in oodgate applications have di erent design requirements and are usually located at the base of dams [1] . Howell-Bunger valves are used to pass a controlled amount of water downstream with no damage to the immediate environment [2] . They are ideally suited for power projects, ood control structures, and irrigation facilities as well as to drain reservoirs or ponds. Water with low dissolved oxygen content, a characteristic of discharges from impoundments, can be aerated very e ectively when discharged into the atmosphere through Howell-Bunger Valves. Howell-Bunger (Fixed Cone) valves are largely used *. E-mail address: yurdagulkumcu@gmail.com doi: 10.24200/sci. 2017.4584 in applications requiring control of water under free discharge (into the atmosphere). This kind of valves is lower in cost than any other type of free-discharge valves [3] . The Howell-Bunger valves control and dissipate enormous amounts of energy by breaking up the discharge water into a large, hollow, expanding jet [4] . They are presently being used as relief valves on hydraulic turbines and designed to operate at any position between fully open and fully closed without injurious vibration [5] .
The main purpose of the Bah celik Dam is storing the water for irrigation, supplying drinking water, producing hydroelectric power, and controlling the ood. The demand for irrigation and drinking water is supplied from the bottom outlet of the Bah celik Dam. The maximum and the minimum reservoir levels are H max = 1500 m and H min = 1472 m, respectively. The amount of ow diverted from the bottom outlet to the main diversion channel is regulated by HowellBunger valves controlled by the upstream water level measurements along the main diversion channel. When the amount of water demand is increasing, the released ow discharge will also be increased and, vice versa, if the amount of water demand is decreasing, the released ow discharge will also be decreased. The maximum and minimum water levels at the water level measurement section along the main diversion channel are 1471.61 m and 1471.21 m, respectively. The maximum and the minimum values are very close to each other and this will result in very rapid change in valve opening range; thus, there will be some di culties during the operational duration [6, 7] .
In this study, a valve with very low variance in valve opening, closing, and regulating times had to be selected; also, the diameter of the valve had to be in the required range and it had to be durable for high ow resistance. There was no restriction or limitation on the ow velocity. With regards to all the above-mentioned limitations, the Howell-Bunger valves were preferred for the project. In the laboratory, the performance of the Howell-Bunger valves was experimentally tested with physical model studies. In the experimental study, the conveying conduit transmitting ow from bottom outlet to the valves had maximum ow discharge capacity, Q = 34 m 3 /s, and the diameter D = 2400 mm. Flow was diverted from conveying conduit to main diversion channel by 4 branches all controlled by Howell-Bunger valves, each having D = 1400 mm and discharge capacity Q = 8:5 m 3 /s, placed at the upstream part of the main diversion channel. They were tested in various valve openings to obtain optimum operating conditions for all reservoir water levels during the operating of the dam in a 1/10 scaled model.
The Howell-Bunger valve was basically a cylinder gate mounted with the axis in horizontal direction. A conical end piece with upstream apex was connected to the valve body vanes. A movable external horizontal sleeve controlled the discharge by varying the opening between the sleeve and the cone. The discharge was in the form of a diverging hollow conical jet. Because of this characteristic, the valve best adapted to conditions where the con nement of the jet and excessive spray were not important considerations.
The principles of the operational systems for the Howell-Bunger valves used in the experimental study and model set up are shown in Figures 1 and 2 , respectively.
Experimental arrangement
Physical model studies were conducted in a 1/10 scaled physical model in two stages; rst, upstream ow conditions were tested and modi ed to obtain uniform 
Discussion of results

Flow conditions between values and the water level measurement chamber
Valve opening was controlled by the water surface level measured at the measurement station downstream of the main diversion channel. After the original project was constructed in the laboratory, a series of experiments were conducted in order to investigate the ow characteristics through the bottom outlet to the main diversion channel. Based on the test results, to provide the uniform ow conditions, the following modi cations were done: 1. In the original project, 4 valves were surrounded by 4 steel galleries (like cylindrical hollows) each having the diameter D = 3500 mm. The aim of each gallery was to prevent excessive spraying of the water jet trajectory issuing from the HowellBunger valves. Experimental observations showed that the lengths of the galleries were unnecessarily high and they worked ine ectively in reducing water jet energy. To solve this problem, after a series of tests, the lengths of the galleries were reduced from 10 m to 5.5 m; 2. The lengths of the separating walls placed between the valves were reduced corresponding to the lengths of the galleries; 3. The bridge planned for using a service road and an energy dissipator were routed in the downstream direction; 4. New stilling pool was designed to increase energy dissipation rate. The depth of the channel was deepened by 1 m between the galleries and the bridge which was to be used for service road and energy dissipation as 1/3 of it was submerged; 5. Because the energy dissipator was insu cient and could not meet the desired energy dissipation rate, an additional hanging ba e type energy dissipater was planned, designed, and added to the position between the galleries and the stilling pool; 6. The heights of the side walls were increased in case of high water levels through the channels; 7. Water level measurement chamber was moved downstream of the main diversion channel. 
Valve operation system and performance of the valves
During the operation stage of the bottom outlet, the number and the opening rates of the valves would be recognized by the water demand. In the laboratory study, downstream of the main diversion channel, minimum water surface level was kept constant at H = 1471:21 m as the maximum water demand was at this stage. The number of the valves and the valve opening rates were systematically investigated for each reservoir operation condition. At rst, reservoir water surface level was xed at H max = 1500 m. While this value was kept constant, the discharge varied from the maximum water demand Q = 34 m 3 /s to Q = 1 m 3 /s by lowering discharge by 1 m 3 /s after each conducted experiment. Afterwards, this procedure was repeated for each reservoir surface level up to H min = 1472 m, by decreasing the water level by 1 m after each tested reservoir water level. After arranging the water levels for both the reservoir and the downstream channel, the valve opening ranges were investigated for each ow discharges. A valve was used only up to Q = 8:5 m 3 /s and if the ow discharge exceeded Q = 8:5 m 3 /s, the valve opening range was kept constant and the second valve was taken into operation. Similarly, all the experiments related to the rest of the valves were repeated. As soon as the discharge was higher than 17 m 3 /s, the opening range of the two valves was kept constant and the third valve was taken into operation. Finally, if the discharge value exceeded Q = 25:5 m 3 /s, the opening range of the three valves was kept constant and the last valve undertook operation. Operational conditions of the Howell-Bunger valves for various ow conditions are given in Table 1 .
The ow was divided into 4 branches between the bottom outlet and the main diversion channel by secondary pipe branches. It can be concluded from the experimental study that, if there are multiple valves in operation, although the valve opening ranges are the same, the discharges of all valves show di erent scenarios. Such ow conditions probably result from ow separation and complex ow conditions [8] . After the laboratory experience, during the reservoir operation, valve opening ranges were arranged in a way that all valves had the same discharge capacity for a given valve opening range. This optimization helped to simplify programming as well as operating the automatic control system [9] [10] [11] .
In addition, as all valves released the same amount of water, the uniform ow condition along the channel was reached in a short time. Figure 7 is plotted to determine the optimum valve opening range for known value of reservoir water level. Referring to this gure, one can conclude that valve opening rate increases when reservoir water level decreases for a given discharge. It also increases with increase in water demand for a constant reservoir water level. Figure 8 shows the e ect of water demand on the valve opening rate. In this gure, it is clearly seen that when reservoir water level decreases, as water pressure decreases, the performance of the valves is weakened; thus, the rate of valve opening rises for a given discharge. It can be concluded that the valves loose their e ciency with increase in the discharges for a given reservoir water level. In fact, if Q = 8:5 m 3 /s is observed by 22.9% valve opening rate, it is expected that Q = 34 m 3 /s can be observed for all the 4 valves with the same opening rate of 22.9%. However, it is clear from this gure that Q = 34 m 3 /s can be obtained when the opening rate of the valves is 2.4 times higher than the observed one when Q = 8:5 m 3 /s. Table 2 lists the experimental data for reservoir water level of H = 1483 m to show water demand e ciency with an example.
It is seen from the experimental results that in any case of operation, at least one valve should be opened for all water demands. Therefore, Figure 9 is drawn to show the e ect of the reservoir water level on the valve opening rate. As the water demand increases, the valves get involved in operating system one by one and start in uencing the e ciency of the previous valves that are under operation. It is clear from Figure 9 that when the reservoir water level decreases, valve opening rate shows an increasing trend for a given discharge.
Variation of rating curves depending on the valve position
Flow conditions may show di erent characteristics at the upstream face of each valve as the ow is divided into 4 branches after the main diversion pipe. In order to see if the valve operating conditions show discrepancies or not, considering the system to be symmetrical, 2 piezometer reading points were determined; one was placed in the internal and the other one was placed in the external pipe of the network system. During each measurement, only the chosen valve was tested and the others were kept closed; the ow rates were measured by increasing the pressure level one by one meter for the opening rates of 25%, 50%, 75%, and full openness. Pressure reading points and measurements made at points 1 and 2 with respect to valve opening rates are both shown in Figure 10 .
As can be seen from Figure 11 , the discharge obtained for the valves increases with increase in the water level. The higher water depth for a constant valve opening leads to higher discharge capacity of the valves. If the valve opening increases for a given water depth, the discharge capacity of the valves also increases.
This increase can clearly be seen when the valve opening changes from 25% to 75%. However, the ow discharge does not show any change if the valve opening is higher than 75%.
Conclusions
In this study, ow characteristics between the main diversion channel and bottom outlet of the Bah celik Dam were experimentally investigated. There were a series of experiments in the hydraulics laboratory to point out the e ciencies and to optimize the operation programme for remote control system of the HowellBunger valves.
It was observed that the uniform ow conditions could not be obtained with the original project design. Even in high discharges, no absolute water depths were recorded at the water measurement chamber because of the waves. Therefore, there were some modi cations to the original project for the purpose of higher energy dissipation to obtain uniform ow conditions before the water level measurement section.
With the system con guration given in this study, e ciency of a single valve is higher than that of a group of valves for a given valve opening at constant reservoir water level. However, during the multiple valve operation conditions, performance losses of Howell-Bunger valves must be taken into consideration, especially in higher water demands. Valve performance increases up to 75% of the valve opening when the reservoir elevation gets higher. Although the expected discharge capacity of a valve that woks in 100% open condition is 8.5 m 3 /s, this value is reached with two valves working in 100% performance at the minimum reservoir operation level, i.e. H = 1472 m. The discharge value Q = 17 m 3 /s (2 8; 5 m 3 /s) is expected to be obtained by two valves under operation; however, it can also be reached by 
